Four ab initio potential energy surfaces of the van der Waals system argon-ammonia are computed for the following four different HNH ( "umbrella" ) angles of ammonia: 100°, 106.67°, 113.34°, and 120°. These potentials have been obtained by Heitler-London short-range calculations and from multipole-expanded dispersion and induction long-range contributions. A Tang-Toennies-like damping is applied to the long-range energy. Each surface is given analytically in the form of a spherical harmonic expansion through 1 = 1, where the expansion functions depend on the polar angles of the argon atom with respect to the principal axes of N H 3. The expansion coefficients are represented by functions depending on the distance between the monomers. The potential for the equilibrium HNH angle 106.67° is applied to the computation of interaction virial coefficients in which quantum effects through fr are included.
I. INTRODUCTION
Ammonia was the first polyatomic molecule detected in interstellar space, and since its discovery in 1968, N H 3 has proved to be an invaluable spectroscopic tool in the study of the interstellar medium. 1 Excitation of N H 3 transitions in cold interstellar clouds occurs mostly via collisions with mo lecular hydrogen. This fact and the resemblance of para-H2 in its rotational ground state to a rare gas atom are the rea sons that van der Waals complexes of N H 3 with H 2 and noble gas atoms have attracted interest of both experimenta lists2' 7 and theoreticians.8"18 These systems have been stud ied in the laboratory with the aid of pressure broadening, 19 microwave double resonance,20 and molecular beam differ ential scattering21,22 techniques. Results of such experi ments are not easy to interpret, however. For instance, in the case of A r-N H 3, most of the observed microwave transitions are not assigned to date and also the equilibrium structure has not been completely determined.
The study of N H 3-rare gas dimers is also interesting in its own right, van der Waals complexes constitute a class of molecules that show a breakdown of the rigid rotor/har monic oscillator model, commonly applied to the interpreta tion of the rovibrational spectra, so that the computation of the far-infrared spectra of van der Waals molecules is a chal lenging task. Furthermore, since N H 3 has a rather soft inter nal inversion (umbrella) mode, complexes containing am monia are also perfect model systems to study the coupling between inter-and intramolecular modes and the corre sponding energy exchange between these modes.
The intermolecular potential energy surface is the key to the interpretation of the phenomena mentioned above, as well as to: second virial coefficients,23-27 transport proper ties,28 liquid state data,29 properties of the solid state,30 and collisional rate constants for rotational energy transfer. 13 However, only a full potential surface enables us to calculate these observable properties, i.e., the interaction energy must be expressed as a function of coordinates that describe every possible geometry of the dimer. In this paper four complete potential energy surfaces of A r-N H 3 will be presented for four different umbrella angles of ammonia, allowing us to study the coupling between the van der Waals modes with the inversion motion of N H 3. For all four surfaces the NH bond distance is kept fixed at its equilibrium value, and the threefold symmetry of N H 3 is conserved.
The interaction energies are obtained with the aid of ab initio calculations and are presented in analytic form. They consist of a short-range part obtained from a fit to a large number of Heitler-London (first-order) energy calculations and a long-range part containing dispersion and induction interactions expanded through R ~ 10 The long-range coef ficients are obtained partly by time-dependent coupled Hartree-Fock (T D C H F) 31 calculations and partly by manybody perturbation theory calculations.32,33 Charge overlap and exchange effects on the long-range interactions are ac counted for by the use of Tang and Toennies-like damping functions24,25,34 that contain parameters which are com pletely determined by the ab initio short-range part of our potential surfaces. As a first illustration of the use of the potential, classical virial coefficients are calculated. These are corrected by first-order quantum contributions that are computed from our potential as well.
In a paper sequel to this one35 the potential surface has been applied to the calculation of the rovibrational levels of A r-N H 3. Work on an extension of this calculation, to one in which the ammonia inversion motion is also taken into ac count, is in progress in this laboratory. and y , and a vector R pointing from the mass center of N H 3 to the Ar atom. The interaction energy being invariant under rotations of the complex, we may also express it with respect to body-fixed coordinate systems obtained by rotation of the space-fixed frame. Two such body-fixed frames are especial ly convenient: (i) a frame coinciding with the principal axes of the inertia tensor of N H 3 and (ii) a frame with its z axis along R. In the first frame the Euler angles cp, $,and y are fixed and can be so defined as to be zero. The interaction energy then depends on R. If we choose the second frame we must use R ( = | R | ), $ and cp as our independent coordinates. Here d is the angle between the C 3 axis of N H 3 and the vector R. The Euler angle cp describes a rotation of N H 3 around its three-fold axis. The interaction energy does not depend on the azimuthal angle y of the C 3 axis.
The first frame is easy to visualize: the Ar atom "walks" around a fixed N H 3 molecule and its position vector R is described in this frame by its usual spherical polar coordi nates ( /?,0,<t>). Therefore we have chosen this frame for the a b in itio calculations reported in this work. The z axis coin cides with the C3 axis of ammonia with the nitrogen atom being on the positive z axis. The frame origin is in the center of mass of N H 3 and therefore the hydrogen nuclei are below the x -y plane. One hydrogen nucleus is put into the x -z plane.
The other frame mentioned above is more convenient for the rovibrational calculations described in the second paper/ The two body-fixed frames are easily related, how ever. By elementary analytic geometry one may. show the following simple transformation rule: 
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Due to the reflection symmetry in the x -z plane, no sine-type tesseral harmonic functions (conventionally labeled by m < 0) appear in this expansion. Similarly it follows from the three-fold symmetry of ammonia that only terms with cos /T70, m = 0 (mod 3), contribute to the interaction ener gy. Note that an expansion similar to Eq. (2) is obtained for the second body-fixed frame, if we use Eq. ( 1 ) and the rela tion-valid for cosine-type tesseral harmonics,
The computation of the potential energy surface is now reduced to the computation of the expansion coefficients v lm ( R ) as a function of R . In this computation we divide the energy into a short-and a long-range part, which we calcu late separately. We thus write vtm(R) = v}*(R) +v)£(R).
The long-range contributions are obtained as a damped pow er series in \ / R as follows: First the multipole expansion of the interaction operator is substituted into the usual secondorder perturbation energy expression. Then a recoupling procedure3'1 is employed and finally the long-range coeffi cients are multiplied by damping functions. As is well known, the multipole-expanded long-range energy is diver gent for shorter intermolecular distances where overlap ef fects are nonnegligible and that is why we use damping func tions. In the next section we return to this point. The short range coefficients are obtained by computing the Heitler-London (HL) interaction between the mon omers, which is given by the following formula:
Here H A and H B Hamiltonians of the monomers A and B and H is the dimer Hamiltonian, are the monomer ground state wave functions-which are approximated by self-consistent field functions-and s / is the intermolecular antisymmetrizer. By computing V H L for a sufficient number of points on the potential energy surface, we can obtain v^(R) as a function of R by means of a numerical quadra ture, as is explained in the next section. After extensive tests we have established that a grid of ten angles © and three angles O on intervals (0 ,7r) and (0 ,7t / 3 ), respectively, is sufficient to obtain all the spherical expansion coefficients through (/,m) = (9,6), which in turn guarantees an approximation error smaller than 0.2%. We calculated the Heitler-London energy at 30 relative orienta tions of the monomers for three separations R = 5.5, 6.5, it is possible to obtain the short-range expansion coefficients and 7.5 bohr and four umbrella angles. In total we performed appearing in Eq. (4) if the coefficients v**(R) change sign. If we compare the final fitted potential with the ab initio results on which the fit was based, as well as with numerous additional calculations off the grid points, we find a typical approximation error of the order of 0.6%. So, the analytical representation of the potential is very accurate. Neglect of terms with (l,m)> (7,6) does not increase the error and so we are able to restrict our spherical expansion to 15 terms. The parameters determining the short range fits are present ed in Table IV . Fitted HL energies are compared in Table V with directly calculated energies at distances and orienta tions not included in the grid. 
III. COMPUTATIONAL DETAILS
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The parameters alm listed in Table IV have 
IV. DISCUSSION OF THE POTENTIAL
The only earlier ab initio calculation for A r-N H 3 is the one published very recently by Chalasinski, Cybulski, Szcz^sniak, and Scheiner. 17 In this paper an interesting anal ysis was given of the interaction energy computed by the TA BLE VI. Long-range dispersion coefficients for A r-N H 3 (in atomic units). Coefficients smaller than 0.1% of the leading coefficients in the re spective columns have been omitted. depth is 115 cm-1. Our global minimum is  deeper by -20% ( 134.23 cm-1 ) and occurs at a smaller separation (R = 6.78 bohr) with polar angles (0 ,cj>) = (75°,60°) (cf. Fig. 2) . As shown in the second pa per35 a vibrational averaging over the van der Waals vibra tional ground state of our potential gives a separation of 7.34 bohr, very close to an experimental assessment (7.2487 bohr) 3 and also close to the minimum in our isotropic poten tial (7.33 bohr). The well depth in the isotropic potential is only 92.86 cm " ', which is less than the lower bound esti mate of Ref. 3 . More than 30% of the well depth is due to the anisotropic part of the interaction in A r-NH ,. As is argued in Ref. 35 the well at 6.78 bohr is too narrow in the angular directions to contribute significantly to the average R. Since the angular dependence of the MP2 potential advocated by Chalasiriski et al. is very similar to ours, it is likely that their potential will also give a much larger vibrationally averaged distance than the minimum distance. Thus, the MP2 poten tial can be expected to give a larger vibrationally averaged distance than is observed; the agreement of the MP2 mini mum R value with the experimental distance is probably fortuitous. 
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Potential energy surfaces of Ar-NH3 nitrogen atom, in the x-y plane and below the hydrogen atoms, respectively. Clearly, the presence of argon perturbs the symmetric double minimum potential of the free N H 3. Taking argon fixed on the positive z axis at R = 7.33 bohr, we see that the energy well of the ammonia that has its hy drogen nuclei below the x-y plane is deeper by 5.733 X 10 ~5 hartree = 12.6 cm -1 than the energy well of the inverted molecule with its hydrogens above this plane. This may not seem much, but if we recall that the tunneling splitting in the free N H 3 is only 0.6 cm " ', which is a measure for the inter action between the two umbrella states of N H 3, then it fol lows that a shift of 12. 6 cm " 1 is sufficient to quench the tunneling almost completely. As is shown in Ref. 35 , how ever, argon is not fixed on the z axis, but makes wide ampli tude motions around 0 = 0° and R = 7.3 bohr, so a definite conclusion about the quenching of the inversion has to await the coupling of the umbrella mode with the van der Waals modes. Finally, it is of interest to observe that the difference in well depths is to a large extent due to induction. Although induction on the average is only 10% of the dispersion, it is very anisotropic and favors the geometry with the hydrogen nuclei turned away from the argon atom. V. APPLICATION OF THE Ar-NH3 POTENTIAL.
CALCULATION OF SECOND VIRIAL COEFFICIENTS
The main advantage of having a full potential energy surface, rather than some cuts through it, is that it allows the computation of observable properties. While in Ref. 35 
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and Results are presented in Table IX . It can be seen that the quantum corrections to B(T) are negligibly small for the whole range of temperatures. The lowest temperature con sidered is close to the boiling point (239 K) of N H 3 at nor mal temperature and pressure. The term B¿l)(T) due to molecular rotations is of a magnitude comparable to the rel ative translational B ^ *( T) term, whereas the Coriolis cor rection B ç )(T) hardly contributes to B ( T).
To give some indication of the accuracy, we present in pure Ar than of the pure N H 3 gas.4,s This is understandable as the interaction in the N H 3 dimer is dominated by the electrostatic multipole-multipole interactions, whereas both in Ar-Ar and A r-N H 3 the dispersion is the leading attractive force. We also see that our results fall outside the experimental error bars, which means that our potential can, and must, be improved. In the past24 we have found that a simple scaling of R in the short-range repulsion increases considerably the agreement with experiment. We expect that a scaling of a few percent will give good agreement with the observed virial coefficients. At the same time, however, this will deepen the energy well by about 50%. When more ex periments, including far infrared transitions, on the dimer become available, we can improve our potential more sys tematically. Although our potential may then no longer car ry the predicate ab initio, we nevertheless believe that it will be very useful for the computation of the observable proper ties mentioned in the Introduction.
